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Abstract. We present UBV color magnitude diagrams
(CMDs) for the M4 globular cluster. The CMDs show a
sequence of four luminous blue stars (V < 20, U − V <
0.02), which are good candidates for the cluster hot sub-
dwarfs. These stars could form a vertical extended hor-
izontal branch (EHB), not reported in previous studies.
We also note the presence of a population of faint blue
objects, likely to be hot, young white dwarfs (WDs) be-
longing to the cluster. We have selected ve objects above
V = 22 mag, bright enough for follow-up ground-based
spectroscopy and present their coordinates and nding
charts. We show a spectrum for variable V46 (Kaluzny et
al. 1997) which suggests that it is a hot subdwarf, along
with a new light curve obtained with the ISIS image sub-
traction package (Alard 2000). Two new variables have
been discovered, both lying on the cluster red giant branch
(RGB). We also present a ducial sequence for the main
sequence, subgiant branch and red giant branch on the
V/B − V CMD for a selected region of M4 with uniform
reddening.
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1. Introduction
The Cluster AgeS Experiment (CASE) is a long term
project with the main goal of determining accurate ages
and distances to globular clusters using detached eclipsing
Send offprint requests to: B. J. Mochejska, e-mail:
mochejsk@camk.edu.pl
? Based on observations collected at the Las Campanas Ob-
servatory 2.5m du Pont telescope.
binaries (Paczynski 1997). The photometry of new eclips-
ing binaries in M4 has already been presented by Kaluzny
et al. (1997). In this paper we investigate the presence of
blue stars in the eld of M4.
The globular cluster M4 = NGC 6121 (α2000 =
16h23m36s, δ2000 = −26◦31′32′′) is the nearest globular
cluster in the sense of geometrical distance. Due to its
proximity M4 has been the subject of searches for white
dwarfs (WDs) in the past. Several WD candidates were
found by Chan and Richer (1986) in a blink survey de-
signed to select ultraviolet-excess objects. Recently a large
sample of WD has been identied with the HST (Richer
et al. 1995; Richer et al. 1997).
Our UBV photometry, although inferior in depth to
that obtained with the HST, covers a much larger area
of M4 and thus oers a possibility to uncover new, bright
WD candidates, located in less crowded regions. Such ob-
jects would be within the reach of ground-based spec-
troscopy. Our photometry also covers the entire central
part of the cluster, not investigated in the Chan & Richer
blink survey.
In Sect. 2 we provide information on the observations.
In Sect. 3 we present and examine the color-magnitude
diagrams (CMDs) constructed from our UBV photome-
try. In its subsections we describe the luminous hot sub-
dwarfs and the WD candidates. A ducial sequence for
the V/B−V CMD is presented in Sect. 4. We discuss the
variable V46 in Sect. 5 and present two new variables in
Sect. 6. Sect. 7 contains the concluding remarks.
2. Observations
The data was obtained with the 2.5 m du Pont telescope
at Las Campanas Observatory equipped with a thinned
2048  2048 Tektronix CCD with a scale of 0.26 arc-
sec/pixel. An 8.88.8 arcmin2 eld centered on the cluster
was monitored during ve consecutive nights, from June
st to 5t , 995 Obse vat o s we e ade t oug Jo
son UBV lters. Most of the frames were collected in the
B band, with exposure times varying slightly with the ob-
serving conditions, typically 120s in B and 60s in V . The
average seeing was 1.′′3. The data were analyzed and the
discovered variables presented in Kaluzny et al. (1997). A
more detailed description of the collected data is presented
therein.
3. Color-magnitude diagrams
The V/B−V , V/U −B and V/U −V color-magnitude di-
agrams constructed from our data are presented in Fig. 1.
All photometry was carried out using Daophot/Allstar.
The positional variability of the point-spread function
was modeled with a second order approximation. The ac-
tual scheme used for extraction of prole photometry was
very similar to the procedure known as Allframe (Stetson
1994).
The V band photometry was obtained from an image
combined from two 300 s exposures with subarcsecond see-
ing. To recover some of the saturated stars, the photome-
try from an averaged 3 60 s image and a 20 s exposure
were added, with the best of the available measurements
(i.e., having the smallest formal error) retained for stars
present on more than one list. A similar approach was fol-
lowed in case of the B band. The nal photometry was
derived from a single 700 s exposure, a combined 3 120
s image and a 30 s exposure. In the case of the U band
photometry a dierent technique was applied in order to
avoid cosmic rays. A template list for the positions was
obtained from a 4  900 s combined image. Four images
were then created from the 900 s exposures by averag-
ing them in groups of three. Photometry was performed
on the combined images for the stars from the template
list. The four photometry lists were then merged, with
the measurement with the faintest magnitude retained for
each star. The idea behind this approach was that if a star
was hit by a cosmic ray on one of the images, it would ap-
pear brighter on three of the combined images, but not on
the fourth. In addition we removed 19 RR Lyrae variables
from the UBV photometry lists.
The transformation of instrumental magnitudes to the
standard system was done in two steps. First, a linear
transformation was applied, with the coecients derived
from observations of standard stars in the Landolt elds
(Landolt 1992). The constant osets were determined
from four local standards observed with the 1 m Swope
telescope at LCO, to an accuracy of 0.02 mag.
We have compared our V/U−V and V/B−V diagrams
with CMDs constructed from the UV HST photometry
given in Table 5 of Ibata et al. (1999) and BV photometry
obtained by Alcaino et al. (1997) in a 6′6′ eld bordering
our eld on the west (data courtesy of Dr N. Samus). In
both cases a very good agreement was found between the
loci of the main sequences on the two diagrams.
e co o ag tude d ag a s ( g ) e b t a we
dened main sequence that can be traced down to V ’ 22
mag on the V/B − V CMD and V ’ 21 mag on the re-
maining two diagrams. The subgiant, red giant and hor-
izontal branches are rather well populated, but there are
few stars on the asymptotic giant branch. The horizon-
tal branch exhibits a clear RR Lyrae gap. A sequence of
four luminous blue stars is present on the CMDs (open
triangles). These objects are discussed in more detail in
Subsect. 3.1. There is also a population of faint blue stars
with magnitudes and colors (V < 21 mag, U − V < 0.4
mag) consistent with the values expected for the upper
part of the white dwarf cooling sequence. A brief discus-
sion of these objects is presented in Subsect. 3.2. In the
following Sect. 4 we present a sequence of ducial points
determined for the V/B−V CMD and touch on the issue
of dierential reddening across the face of the cluster.
3.1. Hot subdwarfs
We note a sequence of four luminous blue stars on the
CMDs (V < 20, U − V < 0.015), most probably hot sub-
dwarfs belonging to the cluster (marked with triangles on
the CMDs in Fig. 1). These stars could form a vertical
extended horizontal branch (EHB), not reported in previ-
ous studies. None such stars were found in a blink survey
aimed at the detection of UV excess objects in an area
between 3.′9 and 23.′7 from the cluster center (Chan &
Richer 1986).
For the most part the globular cluster horizontal
branch (HB) morphology correlates with its metallicity -
the HB becomes redder as the mean metal abundance in-
creases. However, variations in HB morphology at a given
metallicity are observed and a second, still unknown, pa-
rameter has to be introduced. Recently the existence of
high-metallicity hot blue horizontal branch stars has been
reported in metal-rich globular clusters NGC 6388 and
NGC 6441 (Rich et al. 1997), the very old metal-rich
open cluster NGC 6791 (Kaluzny & Udalski 1992) and
the Milky Way bulge (Peterson et al. 2000).
In Table 1 we list the photometry and equatorial co-
ordinates for the hot subdwarfs. Their 33′′  33′′ nding
charts are presented in Fig. 12.
Table 1. Hot subdwarf candidates in M4
ID α2000 δ2000 V B − V U − V
B1 245.84300 -26.46750 15.89 0.06 0.00
B2 245.85992 -26.52435 16.39 0.11 0.00
B3 245.86399 -26.54056 17.75 0.13 0.00
B4 245.89181 -26.50661 19.75 0.07 0.01
We have checked the subdwarf candidates for variabil-
ity and found them to be constant within the errors of
the photometry. It seems rather unlikely that these ob-
Fig. 1. The V/B − V , V/U −B and V/U − V color-magnitude diagrams.
Fig. 2. A V/U − V CMD showing our white dwarfs (lled
circles) and those observed with HST by Richer et al. (1997,
open circles).
jects are quasars, especially the brightest three. Using the
dierential surface density data from HEQS (Ko¨hler et al.
1997), LBQS (Hewett et al. 1995) and 2dF (Boyle et al.
2000) we have determined the probabilities of them being
quasars to be 0.03%, 0.03% and 1% for B1, B2 and B3
and between 2% and 48% for B4.
3.2. White dwarf candidates
A population of faint blue stars is present on our CMDs.
On a CMD in Fig. 2 we overplot these stars (lled cir-
cles) with the WD observed with the HST (open circles),
presented in Richer et al. (1997). Their location is consis-
tent with the upper part of the HST white dwarf cooling
sequence. The results of a comparison of the V band pho-
tometry and U − V colors for seven objects in common
between our and the HST sample are presented in Fig. 3.
The discrepancies are of the order of 0.3 mag, and even
larger for WDs with Vg > 24 mag. This is not surpris-
ing, as these measurements are very close the limit of our
photometry.
The photometry and equatorial coordinates for the ve
brightest objects with V < 22 (marked with open circles
in Fig. 1), sorted by magnitude, are presented in Table
2 along with the 33′′  33′′ V band and U band nding
charts in Fig. 11. These objects are located in the outer,
less crowded regions of the cluster, compared to the HST
WD sample and are bright enough for ground-based spec-
troscopy.
Fig. 3. A comparison between the V band photometry and
U−V colors for seven objects in common between our and the
HST white dwarf sample.
Table 2. Luminous white dwarf candidates in M4
ID α2000 δ2000 V B − V U − V
WD1 245.89343 -26.57752 21.39 0.11 0.02
WD2 245.94052 -26.55299 21.40 0.24 0.02
WD3 245.86473 -26.45182 21.77 0.17 0.03
WD4 245.86549 -26.47167 21.93 0.23 0.04
WD5 245.84447 -26.55082 21.97 0.23 0.05
4. The V/B − V CMD Fiducial Sequence
All of the principal sequences on the CMDs display a
broadening attributed to dierential reddening across the
face of the cluster, as discussed by Cudworth & Rees
(1990) and Alcaino et al. (1997). The dierential redden-
ing has been investigated by Lyons et al. (1995) using
Ki column density measurements towards 16 stars and by
Ivans et al. (1999; 2000) on the basis of spectroscopic anal-
ysis of 22 red giant branch stars. These studies revealed
the existence of a patchy reddening variation across the
cluster face.
In order to select a sample of stars with uniform red-
dening we have employed a procedure similar to the ap-
proach of Kaluzny & Krzeminski (1993). We have divided
the chip into a 4 4 grid and compared the B − V colors
of the turn-o points on dierent subsections. Our anal-
ysis of the 16 2.′2  2.′2 subsections conrms the patchy
nature of the absorption. Fig. 4 presents the derived map
of dierential reddening, measured relative to the section
with the lowest reddening. The easternmost four sections
are least aected, while the eect is strongest in the south-
ernmost section, third counting from the east, and slightly
weaker in two other cells, flanking it from the north and
Fig. 4. The dierences in reddening E(B-V) for 16 2.′2  2.′2
subelds covering the eld of M4. The dierential reddening
is measured relative to the section with the lowest reddening.
Higher values of δE(B − V ) correspond to higher reddening.
east. The remaining 9 subsections exhibit reddening in-
termediate between these two extremes. For the purpose
of determining the ducial points we have selected an L-
shaped region in the northwestern quadrant, with the ex-
clusion of the westernmost section, second from the north,
which had slightly less reddening than the other three.
The ducial points were determined separately for the
main sequence (MS; 16.75 < V < 20.9), the subgiant
branch (SGB; 16.2 < V < 16.75) the lower red giant
branch (RGB; 13.5 < V < 16.2) and the upper red gi-
ant branch (V < 13.5). For the MS and SGB the du-
cial points were determined by nding the mode of the
color distribution, smoothed with a boxcar lter 0.03 mag
in length, in magnitude bins 0.20 and 0.09 mag wide,
respectively. The magnitude for each bin was computed
as the mean. In case of the RGB we adopted a dier-
ent procedure, as this branch is more sparsely populated
than the previous two. To avoid contamination of the
RGB sample, especially with the AGB and HB stars, the
following magnitude-dependent color cuts were applied:
(V − 31.2)/15 < B − V < (V − 31.2)/15.2. For the lower
part of the RGB the ducial points were computed as the
mean color in magnitude bins 0.55 mag wide. The magni-
tudes within each bin were determined as the mean, just
as for the MS and SGB. For the sparsely populated upper
part of the RGB we used the photometric measurements
of individual stars, or their average, in one case where we
had two stars diering little in magnitude.
The resultant ducial sequence is presented in Fig. 5,
superimposed on the CMD from the three aforementioned
Fig. 5. The ducial sequence for the V/B − V CMD of a
selected region of M4 with uniform absorption.
Fig. 6. The (B−V ) histogram for a region of M4 with lowest
absorption. The full width of the observed distribution is 0.025
mag.
subsections, which was used in their determination. In
Tab. 3 we list the ducial points, sorted by magnitude.
To demonstrate the narrowness of the M4 main se-
quence we have drawn a (B − V ) histogram for two
easternmost sections, rst and second from the north. The
histogram is shown in Fig. 6. The MS ducial sequence
was determined using the method described above. The
(B−V ) for each star was found by interpolating its mag-
nitude to the ducial sequence using a Chebyshev polyno-
Fig. 7. The light curve of the hot subdwarf V46. Top panel:
the raw light curve for the rst night of observations. Bottom
panel: light curve phased with a period of 0.04358 d
Table 3. The M4 V/B − V fiducial sequence
V B-V V B-V V B-V
12.253 1.461 16.511 0.911 18.644 1.035
12.479 1.420 16.601 0.891 18.857 1.065
12.990 1.345 16.708 0.881 19.049 1.115
13.297 1.287 16.864 0.875 19.251 1.145
13.882 1.233 17.064 0.875 19.448 1.185
14.475 1.182 17.243 0.875 19.643 1.225
15.054 1.139 17.453 0.895 19.851 1.275
15.589 1.114 17.663 0.905 20.048 1.325
16.028 1.081 17.849 0.925 20.257 1.375
16.242 1.071 18.056 0.945 20.450 1.415
16.339 1.031 18.248 0.975 20.652 1.495
16.437 0.951 18.451 1.005 20.851 1.555
mial t. The Gaussian distribution was tted to the data
by iteratively calculating the mean and the standard devi-
ation, while rejecting stars located further from the mean
than 2.5 standard deviations. This approach is based on
the method used by Noble et al. (1991). The full width of
the observed distribution is 0.025 mag.
5. The variable hot subdwarf V46
V46 was detected to be variable by Kaluzny et al. (1997).
The star exhibits coherent modulations with a period of
0.04358 d. We have extracted its light curve using the ISIS
image subtraction package (Alard & Lupton 1998; Alard
2000). The top panel of Fig. 7 shows the raw light curve
for the rst night of observations. The phased light curve
is shown in the bottom panel. We have searched for other
coherent periodicities and found none.
Fig. 9. The light curves of the variables V48, V49, V50 and
V52. The last variable is phased with the newly derived period
of 0.77d.
A medium-resolution spectrum of V46 was obtained on
the night of April 25th, 1996 with the 3.6m ESO telescope
using the EFOSC1 spectrograph. The exposure started at
5:59 UT and lasted 30 min. The spectrum, shown in Fig.
8, exhibits strong and broad Balmer lines, while the He I
and He II lines are absent. These features suggest that it
is a hot subdwarf of type sdB1 (Jeery et al. 1997). V46
is indicated on the CMDs in Fig. 1 with an open square.
Although spectral analysis of V46 indicates that
it is an sdB, its period of brightness modulations
(0.04358d=3765s) is much longer than the typical peri-
ods of 100-200s (500s in extreme cases) for pulsating sub-
dwarfs (Koen et al. 1998). An alternative interpretation
could be that V46 is a binary star with the brightness
modulations due to the reflection eect (orbital period of
0.04358d) or to ellipsoidal variations (P=0.08716d).
6. Other variables
The data set was reanalized using the ISIS image subtrac-
tion package (Alard & Lupton 1998, Alard 2000) mainly
with the aim of obtaining a better light curve for V46. The
light curves of all previously found variables were also ex-
tracted and two new variables were found. There is an
improvement in the quality of photometry extracted with
ISIS, compared to traditional prole photometry. Fig. 9
shows the ISIS light curves for variables V48, V49, V50
and V52. The variable V52 is phased with its newly de-
rived period of 0.7765 days. The light curves of the two
new variables V56 and V57 are presented in Fig. 10. On
the CMDs (Fig. 1) these variables are located on the RGB
(star symbols).
Fig. 8. The spectrum of the hot subdwarf V46. The hydrogen Balmer series and helium lines are marked and labeled. The
wavelengths of the helium lines are as follows: HeI(4026A) HeI(4388A), HeI(4471A), HeII(4686A).
Fig. 10. The light curves of the new variables V56 and V57.
7. Conclusions
Our investigation of the M4 UBV color magnitude dia-
grams has resulted in the identication of four luminous
hot subdwarfs and the tip of the white dwarf cooling se-
quence. The hot blue subdwarfs could form a vertical ex-
tended horizontal branch (EHB) of the cluster. None of the
previous studies have brought to attention the presence of
such a feature in the M4 CMDs. Further study would be
required to conrm the nature of these objects. We have
selected ve luminous WD candidates above V = 22 mag,
Table 4. Other variables in M4
ID α2000 δ2000 P(days) Vmax B-V U-V
52 245.88120 -26.51593 0.7765 16.95 0.97 1.22
56 245.89291 -26.49875 14.71 1.19 1.70
57 245.90302 -26.53061 15.27 1.03
located in the outer, less crowded regions of M4. These ob-
jects would make good targets for follow-up ground-based
spectroscopy. In addition we present a ducial sequence
for the V/B − V CMD.
We also study the variable star V46, discovered by
Kaluzny et al. (1997) in the same data set. We show and
discuss its spectrum, which indicates that it is a hot subd-
warf and present a new light curve, derived with the ISIS
image subtraction package (Alard 2000). We also identify
two new variables, both lying on the cluster RGB.
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